Introduction: We hypothesized that very high-density mapping of typical atrial flutter (AFL) would facilitate a more complete understanding of its circuit. Such very high-density mapping was performed with the Rhythmia TM (Boston Scientific) mapping system using its 64 electrode basket catheter. Conclusion: CV at the CTI is not slower than other RA regions during typical AFL. The gradual downslope of the sawtooth EKG is not due to slow conduction at the CTI suggesting that success of ablation at this site relates to anatomical properties rather than the presence of a "slow isthmus."
INTRODUCTION
Typical, counter clockwise (CCW) atrial flutter (AFL) has been classically described as cavotricuspid isthmus (CTI) dependent, with the CTI region described as the floor of the right atrium (RA) between the inferior tricuspid annulus and the inferior vena cava. 1 An area of slow conduction in the low RA has previously been described, later determined to be the CTI region. [2] [3] [4] [5] [6] The P waves during typical AFL have a classic saw tooth pattern on the electrocardiogram (EKG), with predominantly negative deflections in the inferior leads. One of several possible explanations for this pattern is slow conduction through the CTI region giving a gradual downslope, followed by fast conduction in a caudocranial direction along the septal wall, seen as the sharp upslope component of the sawtooth. 1 Other possible mechanisms include left atrial and interatrial septum activation. 7 The Rhythmia TM mapping system (Boston Scientific) offers very high mapping density. 8, 9 Current 3D electroanatomical mapping systems can achieve high-density mapping; however, this is often more time-consuming and of a lower point density. Rhythmia circumvents these issues using a small 64-electrode basket array catheter ("Orion TM ", Boston Scientific, Cambridge, MA, USA). The lowimpedance electrodes have a small surface area (0.4 mm 2 ) making them highly sensitive in the detection of even the smallest bipolar potentials (e.g., in the pulmonary veins). 10, 11 Mapping allows localization of anatomy and electrograms to 1 mm resolution.
We hypothesized that high-density mapping of typical AFL would allow us to study in more detail the relationship between the flutter circuit and conduction in the CTI region.
METHODS
This single-center study recruited patients undergoing AFL ablation who were mapped with the Rhythmia TM mapping system. The Institutional Committee on Human Research at our center approved the study.
Procedure
Femoral venous access was attained using two 7F venous sheaths and one 9F sheath. The patients were then fully heparinized to maintain an ACT of ≥300 seconds throughout the procedures. A decapolar catheter was positioned in the coronary sinus (CS) and the Orion catheter was then inserted through the 9F sheath into the RA.
Full details of the Rhythmia TM system, Orion catheter, and the system's electrogram annotation have been previously described. 10, 12 Briefly, the Orion catheter is a minibasket catheter with 64 small (0.4 mm 2 ) low impedance electrodes arranged in eight splines. Mapping with the Orion catheter is performed sequentially relative to the timing of a reference catheter positioned in CS. Roving the catheter allows progressive construction of the anatomic and activation maps.
While the Orion catheter is not specifically designed for right atrial mapping, the smooth contours of the RA, in our experience, allowed excellent geometry and activation maps to be created. The original study validating the high-density mapping of the Rhythmia system in vivo was carried out in canine right atria. 10 A right atrial map was created prior to ablation. The geometry of the cardiac chambers was acquired based on the location of the outer-most electrodes of the basket using in-built magnetic and impedance sensing. Following mapping, CTI ablation was performed with the operator's preferred ablation catheter with the assistance of impedance-based catheter localization using Rhythmia TM . Points were automatically and continuously annotated based on preassigned beat acceptance criteria (cycle length within 10 milliseconds, propagation reference within 5 milliseconds, motion within 1 mm, electrogram (EGM) stability of 75%, and respiration within 5 V) with no further adjustment made while mapping.
Mapping
The system calculated the median tachycardia cycle length over 10 seconds and set the duration of the window of interest (WOI) to 100% of the observed cycle length, centered on the timing reference electrode.
The WOI was represented as a color wheel running from red to purple, and spanning the colors of the rainbow. These limits defaulted to red being the earliest in the window and purple being the latest. These limits could be rotated around the color wheel, and this had the equivalent effect of sliding the WOI without causing a full map recompute. The annotation of local activation time was assigned automatically by the system, based on the maximum absolute peak of the bipolar electrogram. For electrograms with more than one potential, annotation was guided by the relative timings of surrounding electrograms. Individual electrograms and their annotation of activation timing could be studied by roving a virtual probe incorporated within system at the desired location.
Analysis
Analysis of the maps was performed "offline." Each map was examined with particular attention paid to conduction velocities and areas of apparent conduction delay and/or block. These areas underwent detailed manual inspection of electrograms. Procedural data were collected from Rhythmia TM and LabSystem PRO TM (Boston Scientific).
Analysis of conduction velocity (CV) was performed using two methods. For both methods, the activation time of the wavefront was recorded using the Rhythmia TM "wheel" (a circular interface within the software allowing the user to move the wavefront to a specific point in the tachycardia cycle). First, gross CV was calculated. To do this, the tricuspid annulus was split into hours of the clock face, which were then combined into four groups of three, defining the 4-7 o'clock region as the CTI. The other three regions were the superior RA, interatrial septum, and lateral wall. Statistical analysis was performed using paired two-tailed Student's t-tests for normally distributed data. One-way repeated measures ANOVA was used for comparison of multiple parameters.
RESULTS
Nineteen patients underwent mapping of the RA and ablation of AFL (89% males, mean age 68 ± 7).
Thirteen patients were in AFL at the start of the procedure. Ten patients were in CCW flutter, with the remainder in clockwise (CW) flutter. Patient demographics and basic procedural data are shown in Table 1 .
An area of conduction block at the posterior aspect of the CTI between the inferior vena cava (IVC) running toward the CS ostium was identified by mapping wavefronts and confirmed by the presence of electrograms with double potentials in this region in 6 (5 with CCW and 1 with CW flutter) patients. Anatomically, this area was consistent with the Eustachian ridge (ER), as shown in Figure 2A . The average distance between TVA and IVC was 37.3 ± 7.7 mm, although in patients with a distinct ER the propagating wavefront within the CTI was significantly narrower (24.92 vs. 37.45 mm, P = 0.003) than in those without a distinct ER.
Areas of conduction block with double potentials were found in 12 patients, consistent with the Crista Terminalis (CT) as shown in Figure 2B . The leading edge of the dominant conduction wavefront was defined accurately by high-density mapping and took a complex course around the RA, which was not necessarily circumferential around the tricuspid annulus (Fig. 3) . In all patients, the conduction wavefront traveled both anteriorly and posteriorly to the superior vena cava (SVC) superior to the line of conduction block produced by the crista. In 30% of patients with CCW flutter, the posterior conduction wavefront reached the tricuspid valve annulus (TA) ahead of the anterior wavefront and was thus deemed the dominant wavefront in the flutter circuit (Fig. 3) .
In contrast to the widely accepted belief that the CTI is the slowly conducting isthmus of the circuit of typical AFL, our activation and propagation maps ( There was no significant difference in regional CV in CW versus CCW flutter ( (Fig. S2 in the Supplementary Data)
Further analysis was performed excluding CW flutter patients.
Local CV was calculated using the distance traveled in 5 milliseconds at the center of eight equally spaced points on the clock face. The average local CV was 1.22 m/s. Each activation map showed areas of slow conduction; however, these were heterogeneous between patients. When all 10 patients were averaged, there was no segment of the RA with a significantly different local CV; this is shown in Figure 5B (one-way ANOVA comparing all segments, P = 0.75).
The Figure 6 shows the duration, distance traveled, and CV in both phases of the EKG. The downslope represented on average 73% ± 9% of the total flutter cycle length (Fig. 6A , downslope, 182 ± 21 milliseconds vs. upslope, 68 ± 29 milliseconds, P < 0.0001). There was no significant difference in CV during the downslope compared to upslope (Fig. 6B, 0 .88 vs. 0.91 m/s, P = 0.79). Therefore, measurement of the distance covered by the wavefront during the downslope showed a significantly longer distance covered than during the upslope (Fig. 6C , downslope, 157 ± 38 mm vs. upslope, 60 ± 24 mm, P = 0.0004).
In addition, there was a good correlation between distance covered by the activation wavefront and time of the upslope/downslope (Fig. 6D) , confirming that distance covered and not CV was the major factor of changing between longer and shorter phases of the sawtooth flutter wave.
DISCUSSION
The flutter circuit has long been thought to be contingent on slow conduction in the CTI region. 1 However, using recently available very highresolution contact maps of the flutter circuit, we have found that the CV of the dominant activation wavefront at the CTI region is the same as in the remaining RA. These high-resolution maps have allowed accurate identification of the path of the dominant flutter wavefront. Correlation with the typical EKG pattern has shown that slow conduction is not the cause of the sawtooth appearance of the P wave in the EKG of typical flutter.
Conduction velocity of the flutter circuit
Previous lower resolution mapping studies have shown slower conduction in the region of the CTI. Olshansky et al. described in 10 patients the presence of an area of slow conduction in the low RA. 2 Kinder et al. used pacing and recording sites across the CTI to assess conduction across the CTI; they did not find evidence of functional slowing or conduction delay at faster cycle lengths or during AFL. 14 Studies using noncontact mapping have found the CTI region to have a significantly slower CV. 5, 15 Schilling et al. used noncontact mapping to investigate 13 patients with AFL. They used short straightline distances (<5 mm) in the direction parallel to wavefront propagation to calculate CV. They found that the CTI was significantly slower than the remaining RA; however, once patients with previous ablation were removed, this difference was no longer statistically significant. 16 As ablation in the CTI region that had not fully abolished the AFL circuit would be expected to slow conduction in that area, the data excluding these patients are likely to be more representative. Dixit et al. also studied the flutter circuit using noncontact mapping and similarly found no differences in regional conduction time. 17 In contrast to previous methods, high-resolution mapping has per- 
Explanation of the classic "sawtooth" ekg pattern
Although our study accurately defines cardiac activation during the different phases of the sawtooth flutter wave and excludes slow con- isthmus generated a period of relative electrical silence. 20 Bernstein et al. showed that during termination of AFL by ablation, there was no sharp terminal negative component to the downstroke, implying therefore that this component was a result of conduction past the CTI region into the interatrial septum and LA. 21 The authors concluded that the sharp terminal negative deflection was unlikely to be solely a result of the depolarization of the interatrial septum, given its relatively small mass in relation to the rest of the atria. Adding further weight to this is evidence that patients with previous LA ablation may have atypical surface EKG patterns when in typical CTIdependent AFL 22 ; similarly, LA enlargement or disease has been correlated with terminal positivity of the flutter wave. 23 Our data showed that the terminal portion of the downslope correlated with conduction around the interatrial septum, thus providing some support to the theory that either the interatrial septum or LA is responsible for the sharp negative deflection of the sawtooth. Left atrial activation therefore likely plays a major role in the genesis of the classic "sawtooth" EKG pattern.
In broad agreement with our findings are data from Sasaki et al. 24 They described four phases to the flutter wave and found that the upslope indicated conduction on the RA free wall from 12 to 8 o'clock similar to our findings showing this correlated with the wavefront between 1 and 10 o'clock.
Posterior boundaries of the flutter circuit
The CT is generally accepted as a major component of the posterior border of the typical flutter circuit. The use of entrainment mapping and intracardiac echocardiography demonstrated that areas anterior to the CT are within the reentrant circuit, whereas areas just posterior to it are not. 25 In our study, 12 out of 13 patients had clear evidence of a CT, which appeared to be the posterior boundary of the flutter circuit. The ER has been described as an additional posterior boundary to the flutter circuit between the CS ostium and the inferior vena cava. 25 Nakagawa et al. described the ER as a region of fixed anatomical block. 26 In our study, we identified 50% of typical flutter patients with a manifest ER, potentially reducing the length of isthmus ablation required to block the flutter circuit at the CTI. However, a previous attempt at this had mixed results, 27 with ablation at this site having an increased risk of AV nodal damage. In some centers, it is possible that through more detailed mapping with the Rhythmia mapping system, these limitations could be overcome.
Limitations
As all patients were in AFL of obvious RA origin, there was no clinical indication to access the left atrium. We were therefore unable to perform LA maps, which may have allowed further investigation into the contribution of LA activation to the surface EKG in typical flutter. The broad definition of the sawtooth wave into upslope and downslope was made because more nuanced distinction between slow (also referred to as flat or plateau phase) and fast downslope, and brief overshoot of upstroke could not be reliably discerned in all patients. While the manual identification of start and end of upslope and downslope may not always be precise, the variation due to this is unlikely to exceed a few milliseconds and is therefore unlikely to significantly impact on the results. Due to the novel nature of the Rhythmia mapping system, only a small number of patients were studied. The point density of the 3D maps varied from case to case due to operator and patient anatomy.
Even the lowest point density (52 points/cm 2 ) is substantially more than achieved by previous studies of the RA in AFL.
CONCLUSION
Investigation of the circuit of typical CTI-dependent AFL with highdensity mapping has shown that the activation wavefront in AFL has a complex path around the TA contributed to by the functional anatomy of the RA, in particular the presence of the CT and ER. Within this complex path, the CV is not significantly slower at the CTI than in other regions and therefore the gradual downslope of the sawtooth EKG is not due to slow conduction at the CTI. This understanding was enabled by the use of the Rhythmia mapping system producing accurate very high-density 3D maps, which helped us to better define the direction and velocity of the leading edge of the conduction wavefront in different parts of the RA and in the context of the functional anatomy of the chamber, which was also well defined using this system. The knowledge that the established ablation target of the CTI is not associated with slower conduction also reinforces the message that ablation of an anatomical isthmus is often important in terminating macroreentrant tachycardias.
